Many proximate causes of global amphibian declines have been well documented, but the role that climate change has played and will play in this crisis remains ambiguous for many species. Breeding phenology and disease outbreaks have been associated with warming temperatures, but, to date, few studies have evaluated effects of climate change on individual vital rates and subsequent population dynamics of amphibians. We evaluated relationships among local climate variables, annual survival and fecundity, and population growth rates from a 9-year demographic study of Columbia spotted frogs (Rana luteiventris) in the Bitterroot Mountains of Montana. We documented an increase in survival and breeding probability as severity of winter decreased. Therefore, a warming climate with less severe winters is likely to promote population viability in this montane frog population. More generally, amphibians and other ectotherms inhabiting alpine or boreal habitats at or near their thermal ecological limits may benefit from the milder winters provided by a warming climate as long as suitable habitats remain intact. A more thorough understanding of how climate change is expected to benefit or harm amphibian populations at different latitudes and elevations is essential for determining the best strategies to conserve viable populations and allow for gene flow and shifts in geographic range.
Many proximate causes of global amphibian declines have been well documented, but the role that climate change has played and will play in this crisis remains ambiguous for many species. Breeding phenology and disease outbreaks have been associated with warming temperatures, but, to date, few studies have evaluated effects of climate change on individual vital rates and subsequent population dynamics of amphibians. We evaluated relationships among local climate variables, annual survival and fecundity, and population growth rates from a 9-year demographic study of Columbia spotted frogs (Rana luteiventris) in the Bitterroot Mountains of Montana. We documented an increase in survival and breeding probability as severity of winter decreased. Therefore, a warming climate with less severe winters is likely to promote population viability in this montane frog population. More generally, amphibians and other ectotherms inhabiting alpine or boreal habitats at or near their thermal ecological limits may benefit from the milder winters provided by a warming climate as long as suitable habitats remain intact. A more thorough understanding of how climate change is expected to benefit or harm amphibian populations at different latitudes and elevations is essential for determining the best strategies to conserve viable populations and allow for gene flow and shifts in geographic range.
amphibian | climate change | demography | Rana luteiventris | snowpack A mphibian populations are declining around the globe at an alarming rate (1) (2) (3) , and climate change now figures prominently as a potential interactive driver of some of these declines (4) (5) (6) . A shift to earlier breeding phenology has been documented in a number of species (7) (8) (9) (10) (11) , but this shift is not universal across species and has not been tied to population-level consequences. Other work has associated climatic conditions with disease-related declines in the Neotropics (4, 5) , yet no mechanisms have been definitively linked to these correlations (12, 13) . Reading et al. (14) showed a decrease in adult female body condition and survival in a population of common toads (Bufo bufo) that corresponded with an increase in average annual temperatures. However, these demographic changes were not explicitly linked to changes in population size over time. Kiesecker et al. (15) showed that disease, UV-B, and climate change could interact to increase embryo mortality in western toad (Bufo boreas) populations, yet these populations have not declined. This increased premetamorphic mortality may not be sufficient to cause otherwise increasing populations to decline in the long term. Alternatively, it may be that conditions in short-term or laboratory-based studies are not always representative of long-term patterns in natural populations. To determine mechanisms of population change, we first need to know which vital rates are affected by changes in climate, and then how these changes affect population dynamics.
The effects of climate change on growth and survival are particularly relevant for amphibian species in high elevation temperate ecosystems, where individuals are exposed to extreme and variable temperatures (e.g., ref. 16 ). In these environments, amphibians are active at a wider range of temperatures than closely related species inhabiting lower elevations (17) . In general, juveniles and adults in high elevation temperate environments must reproduce and acquire resources over much shorter growing seasons than low elevation individuals. Similarly, tadpoles must be able to develop and metamorphose over a short season or survive long cold winters. In these environments, longer growing seasons due to climate warming may allow more time for adults, juveniles, and tadpoles to grow and acquire resources. Winter severity may decrease, reducing winterkill due to freezing or hypoxia, which can be a major cause of mortality in these systems (18, 19) . However, reduced precipitation and a warm environment could result in less water in these high-elevation landscapes, which may negatively impact amphibian species that rely on ephemeral pools for reproduction and foraging. Additionally, amphibian populations and species that are adapted to a colder thermal regime in alpine systems may have physiological constraints that prevent adaptation to an increase in temperature (20) . With climate change models for the western United States predicting a reduction in snowpack, as well as increased variability in precipitation levels (21, 22) , understanding the role of these climate variables in the growth and survival of high-elevation populations of amphibians is critical to predicting future impacts of climate change on amphibians.
We evaluated relationships between annual vital rate estimates, estimates of asymptotic population growth rate, and local climate variables in a high elevation population of a temperate pondbreeding frog species, the Columbia spotted frog (Rana luteiventris). To evaluate these relationships, we used both mark-recapture and demographic analyses. A longstanding principle of demography is that not all vital rates are equally important for population dynamics. For example, large changes in annual recruitment, which are commonly documented in amphibians, tend to have less impact on population growth rates than relatively small changes in postmetamorphic survival rates (23) . We examined variation in survival, growth, and recruitment in relation to summer and winter climate variables. We then used matrix models to calculate asymptotic growth rate (λ) for each set of annual vital rates (24) (25) (26) and related λ to these climate variables by using linear regression. Our results advance our understanding of how climate change may affect amphibian populations, and have implications for the conservation of other temperate amphibian species occupying alpine and boreal habitats.
We conducted our study in the Little Rock Creek Basin, found in the Selway-Bitterroot Wilderness ≈16 km south of Hamilton, MT. This drainage is composed of two glacial cirques. Our analyses were focused on the upper basin (2,200 m), which is delineated by glacial headwalls (Fig. 1) . Although this upper basin contains multiple breeding and foraging sites, they function as one population (27) . The basin contains requisite habitats for R. luteiventris overwintering, breeding, and summer foraging, and is fishless (Fig. 1 ). We have not tested for the presence of the amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd) in this population, but Bd is widespread in Montana and has been detected in amphibians within a few miles of this watershed (28) . However, no mortality events were noted in this watershed, no local or broad-scale declines have been detected for R. luteiventris in western Montana during the course of this study (28) , and R. luteiventris is known to have skin peptides that are highly resistant to Bd (29) . Therefore, we believe that common culprits for amphibian declines at high elevation sites (i.e., introduced fish and disease; refs. 30 and 31) do not complicate our analyses. We monitored all life stages of R. luteiventris from 2000 to 2008 and related these demographic data to climate data collected at a nearby weather station. Climate variables included (i) peak snow-water equivalency (hereafter "SWE", a common measure of snowpack), (ii) winter length, (iii) end of winter Julian date (hereafter "last day of winter"), (iv) summer length, and (v) growing degree days (see Methods for complete description of climate variables).
Results
Climate Variables. During the 9 years of our study, SWE ranged from 67 to 135 cm, winter lengths varied by 41 days, last day of winter varied by 33 days, summer length ranged from 84 to 120 days, and growing degree days ranged from 431 to 648 days. There were no trends in any of the climate variables over the study period. The range of SWE falls within the historical range of peak SWE at this station (46-171 cm), and average peak SWE for the length of our study is identical to the historical average (101 cm). Therefore, the range and magnitude of variability in climate variables seen in our study captures what has been recorded historically. Winter variables were correlated with each other (R 2 > 0.62), as were summer variables (R 2 = 0.66), but winter variables were not correlated with summer variables.
Relationships Between Climate and Vital Rates. Breeding probability was inversely related to the length of the previous winter (P = 0.002; Fig. 2 ). There was no relationship between breeding probability and either of the summer climate variables. There was no relationship between survival to 1 yr of age and any of the winter or summer climate variables.
Survival and transition probabilities depended on winter severity. Capture-recapture data for 4,279 individual frogs captured over 9 years were analyzed by using program MARK (32) , with climate variables included as group covariates in various combinations.
Model selection results for the capture probability models indicated that probability of initial capture (p) and probability of recapture (c) varied both across years and among life stages. Therefore, we used this capture probability structure in all subsequent transition and survival models. Capture probabilities ranged from 4 to 50%, depending on the year and the life stage. Models with SWE and last day of winter were far better supported than any other candidate models (AIC weight = 0.999, model likelihood = 1.0, 93 parameters). In these models, an increase in SWE was associated with a decrease in survival for juvenile and adult stage classes (Fig. 3) . Juvenile frogs showed the strongest relationship with variation in SWE (β = −0.042 ± 0.005 SE), but the effect was also significant in adult females (β = −0.037 ± 0.011 SE) and adult males (β = −0.051 ± 0.012 SE). There was no relationship between SWE and survival for subadult females (β = −0.023 ± 0.018 SE).
SWE was inversely related to transition from juvenile to subadult female or male (β = −0.029 ± 0.007 SE) and transition from juvenile to adult female (β = −0.081 ± 0.024 SE). There was no relationship with transition from subadult to adult female (β = 0.015 ± 0.015 SE).
Demographic Analysis. We used survival and transition parameter estimates from a time-varying capture-recapture model to calculate annual vital rates (Table S1 ) to parameterize female-based, postbirth pulse Leftkovich matrix models for each year of the study (Fig. 4) . Across these matrices, estimates of λ were higher in years with lower SWE (P = 0.023; Fig. 5A ), tended to be lower in years with a later last day of winter (P = 0.185; Fig. 5B ), and were not related to winter length (P = 0.611). 1   65  67  69  71  73  75  77  79  81  83  85  87  89  91  93  95  97  99  101  103  105  107  109  111  113  115  117  119  121  123  125  127  129  131  133  135  137  139 Survival probability
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Juvenile Survival Subadult Survival Female Survival Male Survival Fig. 3 . Relationship between stage-specific survival rates in R. luteiventris and SWE for four age/sex classes: juvenile, subadult female, adult male, and adult female. The lines are the predicted survival curves for different values of SWE from the top model.
Discussion
Parameters that describe winter severity were negatively correlated with survival, transition, and breeding probabilities in this high elevation R. luteiventris population. These relationships resulted in higher estimated λ in years with earlier ending winters and lower snowpack. Climate change predictions for the Rocky Mountains suggest that snowpack will continue to decrease and snowmelt will occur at an increasingly earlier date (33) . Because effects of decreased winter severity were uniformly positive, our results indicate that this climate trend will increase population viability of R. luteiventris in this mountain system. Researchers have typically assumed that if climate change affects amphibian species, the outcome will be negative. Rarely do we allow ourselves to consider that global warming may confer benefits to some species. Contrary to much of what has been discussed in the literature (e.g., refs. 6 and 34, but see ref. 35 ), these results suggest that under certain circumstances, a warming climate may be helpful to some amphibian populations, particularly those that live in harsh conditions at the edge of their thermal tolerances. A reduced winter severity could benefit high and low elevation populations of R. luteiventris alike, although failures in recruitment due to drying of breeding habitat may overwhelm positive effects of warmer winters in some populations, especially at lower elevations and latitudes.
There are several reasons that we might expect R. luteiventris juvenile and adult survival in these systems to increase with decreased snowpack. At high elevations, this species spends up to 8 or 9 months overwintering in lakes and permanent ponds, where its metabolism slows considerably. Hypoxic conditions have been shown to be an important source of mortality for overwintering amphibian populations in high elevation systems (18) . Winters with above-average precipitation had thicker ice covering on lakes used by mountain yellow-legged frogs (R. muscosa) for overwintering, resulting in an increase in the rate of oxygen depletion (18) . Radio-tagged R. luteiventris overwintering in low elevation ponds in eastern Oregon all remained in shallow water within 1 m of shore, but they moved to microhabitats with higher water temperatures or dissolved oxygen concentrations (36) . Juvenile frogs in our system may be more likely to overwinter in shallow lakes than adult frogs, because we find them in higher concentrations at these water bodies during summer surveys and they may not be able to locate larger water bodies. Overwintering in shallow waters may expose juveniles to more hypoxic conditions in the winter than adult frogs and likely explains the strong negative associations among SWE and juvenile survival and transition rates.
Years with higher snowpack tended to have snow on the ground for a longer time period and later into the spring. As a result, it is also possible that high winter severity depletes the fat reserves of frogs and leads to greater mortality rates. The later the last day of winter, the longer frogs remain in overwintering sites, and the later insect prey emerge. This delay in foraging and depletion of fat reserves may contribute to the negative relationship between SWE and transition probability to larger age classes, which we observed for juveniles.
The depletion of fat reserves may be less important for subadult and adult frogs and may explain why we do not see a relationship between their transition rates and winter severity variables.
In all years of our study, asymptotic estimates of λ were less than one, suggesting a declining population. This agrees with our observation that this population has generally declined over the 9 years of the study, from 997 frogs in 2000 to 700 frogs in 2008. A decreasing population growth rate during most years is consistent with population growth patterns measured in other amphibian populations (37, 38) . However, in contrast to our asymptotic estimates of λ, population size fluctuated considerably among years, with some large increases in population size between years. Therefore, our asymptotic analyses do not capture the range of stochastic fluctuations observed in the field. For example, it may be that population dynamics are partly driven by intermittent pulses of recruitment that were not captured in our 9-year study. As such, we cannot discern whether a warming climate will actually lead to a viable population in the long term. However, this caveat does not change the result that we observed uniformly positive effects of climate warming.
The results of this study highlight the need for amphibian decline research to focus on environmental variables affecting postmetamorphic survival parameters and those affecting recruitment and larval survival (23) . Although repeated failures in recruitment due to drought may critically affect the persistence of some populations, changes in juvenile and adult survival could have a greater effect on population growth and viability in many amphibian species. Although we saw high annual fluctuations in the number of egg masses laid and successful metamorphs produced in this system (Table S1 ), differences in juvenile and adult survival rates, particularly survival of juvenile frogs, drove the differences we observed in λ across years. In our population, juveniles and adults have greater variance in vital rates among years, as well as higher elasticities in those rates (Table S2) . Vital rates for R. luteiventris juveniles and adults are therefore disproportionately important to the dynamics of this population. Long-term monitoring of amphibian populations has typically focused on variation in re- cruitment or breeding population size (e.g., ref. 37). Past research has focused on the effect of weather variability on production of juveniles, which can depend heavily on rainfall in some regions (39) . However, it is less clear to what extent this measured variation in annual recruitment affects long-term population dynamics in these systems, because recruitment dynamics are rarely placed in a population-level context (but see refs. 23 and 40).
Although there was variation in annual recruitment, we never witnessed complete failures in recruitment, even in the driest years. Every year, individuals breed in both ephemeral and permanent water bodies. On cool and wet years, most successful recruitment comes from ephemeral ponds, which persist throughout the growing season, whereas tadpoles from colder permanent ponds do not have enough time to reach metamorphosis. However, in hot, dry years the majority of recruitment comes from permanent ponds, because ephemeral ponds dry up before animals are able to successfully metamorphose. Therefore, it may be that frogs in our study system have the ability to compensate recruitment in dry years through the diversity of breeding sites available across this glacial basin. The presence of a diversity of unimpacted breeding sites in these types of systems may be important for amphibian populations to persist in the face of climate change. In high-elevation systems where amphibians are negatively impacted by introduced fish (e.g., ref. 31), reduction of hydroperiod in ephemeral, fishless breeding sites may be much more important to species persistence. Because this system is fishless, amphibians are able to breed and forage in a greater diversity of habitats than in areas where fish and other predators restrict populations to ephemeral ponds and wetlands.
Our analyses suggest that for amphibians and other ectotherms living at temperatures below their physiological optima, such as those found at high elevations or latitudes, global warming may have neutral or positive impacts, at least under some climate change scenarios (41) . However, outcomes will surely depend on how quickly and to what extent the climate changes. It is possible that changes in temperature and precipitation may only have benefits to a certain point, after which habitat will be negatively affected, possibly by changing community structure or reducing heterogeneity of breeding sites. At the extreme, if ongoing climate change eventually makes high elevation and latitude sites unsuitable, species may have no other refugia to move to (42) . Both the positive and negative impacts of climate change on species will need to be reassessed as climate change progresses to determine whether such a tipping point will be reached.
We have shown how individual amphibian vital rates and asymptotic population growth rates vary with summer and winter climate variables in a high elevation population of the Columbia spotted frog. These results unambiguously demonstrate that earlier ending winters with lower snowpack in this system lead to higher survival rates, higher probabilities of breeding, and higher population viability. Most research on amphibian declines assumes that climate change will have negative impacts on already vulnerable species, yet we show that this may not be the case for alpine and boreal amphibian populations currently persisting in harsh environments. This provides a unique perspective to the role of climate change in amphibian declines in temperate ecosystems. Previous shifts in climate have had dramatic effects on the distribution, genetics, and ecology of numerous temperate amphibian species (43) (44) (45) . The impacts of ongoing climate change will vary across the globe, and this is likely to increase the viability of some species while being detrimental to others. To best conserve viable populations, promote gene flow, and allow for shifts in geographic range in the face of climate change, developing a more comprehensive understanding of how climate change is expected to benefit or harm amphibian populations at different latitudes and elevations is imperative. Ultimately, research that simultaneously evaluates the effects of climate change on multiple vital rates is key to disentangling which population processes may be affected by a warming climate.
Materials and Methods
Population Surveys. We collected demographic data from 2000 to 2008. We conducted systematic searches for egg masses in late spring. We searched all shallow water environments for egg masses over several weeks and recorded counts of egg masses at each water body. We calculated multiyear estimates and variances in clutch size for R. luteiventris at most of the breeding ponds by using volumetric displacement (46) (47) (48) . During the egg mass surveys, we also measured the snout-vent length of females present at the breeding site to determine the range of size of breeding females. These data were used to distinguish breeding adult females from subadult females in our demographic analyses.
We used a robust design capture-mark-recapture method to monitor juvenile and adult frogs (49) . For this method, we captured animals for multiple consecutive secondary sessions (days) within the primary sampling period (year). Across the secondary sessions, we assumed that the population was closed to immigration, emigration, births, and deaths. This closure allowed population size, corrected for capture probability, to be estimated. Between primary sessions, the population was open to gains and losses, and survival was estimated by using the Cormack-Jolly-Seber model (50-52). We monitored three female life stages: juveniles were frogs that were too young to be sexed, subadults were frogs that were larger than the size at which secondary sex characteristics of males were present but smaller than the smallest documented breeding female, and adults were frogs large enough to breed. During each primary sampling period, we systematically surveyed all of the ponds and lake shores in the basin each year and captured animals by hand or net. We individually marked animals by clipping unique combinations of toes by using an alphanumeric coding system (53) and weighed and measured snout-vent length. We also recorded the general location of all new and recaptured animals at each session. For all models, we let p and c vary by both age class and time. We first estimated survival probabilities, keeping growth probabilities constant, and then estimated growth probabilities by using the best model from the survival analysis. For transition models, we examined scenarios where all transitions were different and where probability of juvenile to male transition was equal to juvenile to subadult transition.
Climate Data. Climate data were from the Twin Lakes SNOTEL site (www.wcc. nrcs.usda.gov/snow), located 18 km northwest of the upper Little Rock Creek basin at 1,950 m elevation. This SNOTEL site is located within the same mountain range and has similar aspect and elevation to our study area. We used data on SWE and temperature as annual covariates. SWE is the depth of water that would theoretically result if one were to melt the entire snowpack instantaneously and is commonly used as a measure of snowpack (e.g., ref. 21). We used the peak SWE value recorded for each year in our analyses. We calculated the end of winter Julian date as the last day that SWE was recorded in the spring. Then we calculated the number of consecutive days with snow on the ground (winter length) and the number of consecutive days without snow on the ground (summer length). Finally, we calculated the cumulative number of days throughout the summer that the temperature was >10°C (www.ipm.ucdavis.edu/WEATHER/ddconcepts.html), which represented growing degree days. The value of 10°C was used as a relative physiological zero for the species, temperatures below which we would not expect to see growth. Although it is unlikely that this temperature is the true physiological zero, which is unknown, this cutoff allows for comparison of relative growing season length across years. We used winter length, last day of winter, and SWE data as indices of local winter severity, and we used growing degree days and summer length as indices of summer intensity.
We tested for relationships amongall climate variables over the 9 years of the study by using principal components analysis. The first two axes explained 89% of the variance. Axis 1 (56% of variance) was correlated with winter severity (r > 0.85 for all winter variables; r < 0.53 for all summer variables). Axis 2 (33% of variance) was correlated with summer variables (r > 0.75 for all summer variables; r < 0.40 for all winter variables). Therefore, we can clearly distinguish winter from summer variables but cannot statistically separate individual winter or summer variables. However, we chose to analyze all variables individually to discuss hypothetical mechanisms associated with each variable.
Breeding Probability and Prejuvenile Analysis. We estimated breeding probability as the number of egg masses deposited each year divided by the number of adult females that year (closed population estimate from the mark-recapture data). We estimated survival from eggs to 1 year for each year by dividing the number of 1-year-old frogs by the number of eggs laid the previous spring (average number of eggs per mass multiplied by the number of egg masses deposited). We used an average of 812 eggs per mass (assumed to be equivalent to 406 female embryos given a 1:1 sex ratio) from our clutch size estimates for all years of the analysis. To estimate the number of 1-yearold frogs, we isolated the capture histories for all animals 34 mm snout-vent length and smaller each year and then calculated the abundance of those animals by using Huggins closed population models in program MARK (32) .
We used weighted linear regressions to examine the dependence of breeding probability and first-year survival on the five climate variables described above. Additionally, we examined relationships between number of egg masses deposited and climate variables.
Post-Metamorph Analysis. We analyzed capture data of juveniles, subadults, and adults in program MARK by using closed robust design, multistate markrecapture models (54, 55) . The "states" in our models were frog life stages: juvenile, subadult female, adult female, and adult male frogs. These models provided parameter estimates and variances for age-and sex-specific survival, transition rates between life stages, and population size for each year (56, 57) . Survival, transitions, and the covariates were our primary parameters of interest, but we first evaluated models of capture probability (p) and recapture probability given initial capture (c) to avoid bias and imprecision in the survival estimates (58) . We evaluated the following capture probability models: (i) p and c were constant across years but varied among age classes, (ii) p and c varied across years but did not vary among age classes, (iii) p and c varied across years and differed between juvenile and adult age classes, but not within adult age classes, and (iv) p and c varied across years and among all age classes. For these models, survival and transition rates were held constant.
We modeled age-specific survival and transition probabilities to examine their variation in relation to snowpack, winter length, end of winter, summer length, and growing degree-days. First, we examined how each of these variables related to survival in each age class individually. Then, we examined whether additive models containing multiple climate variables improved the fit. For each model structure, we estimated models where (i) the effect of covariates was the same for each age class and (ii) the effect of covariates was different for each age class, resulting in a total of 16 basic models (Table  1) . Once we tested these models, we also examined two additional models where (i) male survival was equal to female survival and (ii) all adult age classes had the same survival. For these models, we kept transition probabilities constant. Once we had modeled survival, we examined how climate variables affected growth by using the structure from the best survival model. We examined the same suite of variables for growth as we did for survival. In addition to the 16 models described above, we estimated models where probability of transitioning from juvenile to subadult was equal to transitioning to male (Table 1) . We evaluated all models for relative support and ranked them by using Akaike's Information Criterion (AICc) (59, 60) .
Demographic Analysis. We determined the demographic consequences of changes in climate variables on the population growth rate using matrix models (19) . We constructed female-based postbirth pulse stage-structured matrix models by using the average vital rates estimated for each year (Table  S1 and Fig. 4 ). Survival and transition parameters came from the best timedependent model ranked by using AICc. We tested four time-dependent models where survival varied by both year and life stage: (i) survival varies in the same way for each life stage in each year; (ii) juvenile survival varies differently from subadult, male, and female survival, which vary in the same way each year; (iii) male and female survival vary in the same way, but both juvenile and subadult survival vary differently in each year; and (iv) all life stages varied differently from each other in each year. The best model varied transitions for each life stage and year, but transition probability from juvenile to subadult was equal to that for juvenile to male. Capture and recapture probabilities varied by year and life stage for all models. Other vital rates were calculated as described above. For each year, we calculated asymptotic λ, the rate at which a population would increase if vital rates remained constant over time. This metric represents an integrative measure of population performance. We then used linear regression of the asymptotic lambda values for each year against values of climate variables for each year to see whether this integrative metric showed similar patterns to individual vital rates.
